Introduction {#sec1}
============

Recent, research on heterometallic complexes containing 3d--4f metal ions has attracted attention because these appear to be good candidates in the field of molecular magnetism for applications in high-density data storage, molecular spintronics, quantum processing, magnetically addressable liquid crystals and magnetic alloys for refrigeration, etc.^[@ref1]^ The first investigation of the magnetic properties of a heterometallic 3d--4f complex was reported by Gatteschi et al., who thoroughly characterized and analyzed two Cu--Gd complexes.^[@ref2]^ As a result of this, great attention was paid to synthesizing coordination complexes of \[Cu--Ln\],^[@ref3]^ \[Mn--Ln\],^[@ref4]^ \[Co--Ln\],^[@ref5]^ \[Ni--Ln\],^[@ref6]^ and \[Fe--Ln\].^[@ref7]^ However, only a handful of such complexes show single molecule magnet (SMM) behavior, as revealed by the slow relaxation of the magnetization, which is visible within the time frame of standard alternating current (ac) susceptibilities measurements, and most of these are M-Dy and M-Tb complexes. More recent work has revealed that Er^III^ ion can also engender SMM behavior,^[@ref8]^ but with only a few examples of Er^III^-based SMMs and in particular M-Er^III^.^[@ref9]^ With this in mind, and inspired by an \[M~2~^III^Dy~2~^III^\] (M = Fe and Al) system with a hexadentate flexible ligand (H~2~L) reported by our group,^[@ref10]^ we have extended this work to \[M~2~^III^Er~2~^III^\] (M = Fe and Al). In using the same ligand to stabilize the same butterfly core motif, we are able to make a direct comparison of the influence of varying the anisotropy ellipsoid of the Kramers lanthanide ion.

Herein, we report the synthesis of two new heterometallic complexes: \[Fe~2~Er~2~(μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\]·2MeCN (**1**) and the \[Al~2~Er~2~(μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\]·2MeCN (**2**) analogue, which helps us to understand the magnetic properties of complex **1**. The compounds have been characterized by single-crystal X-ray diffraction analysis and their magnetic properties have been investigated in detail.

Experimental Section {#sec2}
====================

General Information {#sec2.1}
-------------------

All of the chemicals and solvents used for synthesis were obtained from commercial sources and used as received without further purification. All of the reactions were carried out under aerobic conditions. *N*-(2-Pyridylmethyl)iminodiethanol was prepared according to the literature procedure.^[@ref11]^ The elemental analyses (C, H, and N) were carried out using an Elementar Vario EL analyzer. Fourier transform IR spectra (4000--400 cm^--1^) were measured on a PerkinElmer Spectrum GX spectrometer with samples prepared as KBr disks.

### Synthesis of \[Fe~2~Er~2~(μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\]·2MeCN (**1**) {#sec2.1.1}

A solution of *N*-(2-pyridylmethyl)iminodiethanol (100 mg, 0.5 mmol) in MeCN (5 mL) was added to a solution of FeCl~2~·4H~2~O (50 mg, 0.25 mmol), ErCl~3~·6H~2~O (94 mg, 0.25 mmol), and 4-methylbenzoic acid (144 mg, 1 mmol) in MeCN (20 mL) and MeOH (5 mL). After 10 min stirring, Et~3~N (0.42 mL, 3 mmol) was added and the solution stirred for a further 0.5 h. The final solution was filtered and left undisturbed. Overnight pale yellow single crystals suitable for X-ray analysis had formed. Yield: 61% (187.5 mg, based on 4-methylbenzoic acid). Anal. calcd (found) % for Fe~2~Er~2~C~68~H~72~N~4~O~18~·2MeCN·MeOH·3·35H~2~O: C, 47.53 (47.29); H, 4.85 (4.61); N, 4.56 (4.51). Selected IR data (KBr, cm^--1^): 3503 (br), 3058 (w), 2975 (w), 2854 (m), 1593 (s), 1541 (s), 1099 (s), 906 (s), 722 (s), 672 (s), 593 (s).

### Synthesis of \[Al~2~Er~2~(μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\]·2MeCN (**2**) {#sec2.1.2}

Compound **2** was synthesized in a similar manner to **1** using AlCl~3~·6H~2~O in place of FeCl~2~·4H~2~O. Al~2~Er~2~C~68~H~72~N~4~O~18~·2MeCN. Yield: 72% (203.3 mg, based on 4-methylbenzoic acid). Anal. calcd. (found) % for Al~2~Er~2~C~68~H~72~N~4~O~18~·MeCN: C, 50.85 (50.92); H, 4.57 (4.60); N, 4.24 (3.91). Selected IR data (KBr, cm^--1^): 3497 (br), 3055 (w), 2976 (w), 2854 (m), 1591 (s), 1543 (s), 1096 (s), 905 (s), 723 (s), 675 (s), 591 (s).

Magnetic Measurements {#sec2.2}
---------------------

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer MPMS-XL in the temperature range 1.8--300 K. Measurements were performed on polycrystalline samples constrained using eicosane. Magnetization isotherms were collected at 2, 3, and 5 K with fields from 0 to 7 T. Alternating current (ac) susceptibility measurements were performed with an oscillating field of 3 Oe and ac frequencies ranging from 0.05 to 1500 Hz. The magnetic data were corrected for the sample holder and the diamagnetic contribution.

X-ray Analysis {#sec2.3}
--------------

X-ray crystallographic data were collected with an Agilent Technologies Super-Nova Cu CCD diffractometer. See [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for details. The structures were solved by direct methods and refined against *F*~o~^2^ by using SHELX-TL.^[@ref12]^ Anisotropic displacement parameters were used for all of the ordered non-hydrogen atoms. Organic hydrogen atoms were placed in calculated positions. The X-ray structural data of the published structures were deposited with the Cambridge crystallographic data centre (CCDC).

###### Crystallographic Data and Structural Refinements for **1** and **2**

  ----------------------------------- ------------------------------- -------------------------------
  compounds                           **1**                           **2**
  formula                             C~72~H~78~Fe~2~Er~2~N~6~O~18~   C~72~H~78~Al~2~Er~2~N~6~O~18~
  *M*~r~ (g mol^--1^)                 1761.62                         1703.88
  color                               pale-yellow                     white
  crystal system                      monoclinic                      monoclinic
  space group                         *C*2/*c*                        *C*2/*c*
  *T* (K)                             180                             180
  *a* (Å)                             28.6269 (7)                     27.6738 (3)
  *b* (Å)                             10.5683 (3)                     10.7124 (2)
  *c* (Å)                             24.3695 (5)                     24.3659 (3)
  α (deg)                             90                              90
  β (deg)                             94.926 (2)                      94.188 (1)
  γ (deg)                             90                              90
  *V* (Å)                             7345.5 (3)                      7204.05 (18)
  *Z*                                 4                               4
  *D*~x~ (g cm^--3^)                  1.593                           1.571
  μ (mm^--1^)                         2.72                            5.05
  *F*(000)                            3536                            3432
  reflns collected                    29705                           33599
  unique data                         8650                            6873
  *R*~int~                            0.029                           0.028
  data with *I* \> 2σ(*I*)            7791                            6359
  parameters/restraints               459/1                           458/1
  *S* on *F*^2^                       1.07                            1.06
  *R*~1~\[*I* \> 2σ(*I*)\]            0.025                           0.022
  w*R*~2~ (all data)                  0.050                           0.053
  largest diff peak/hole (e Å^--3^)   +0.66/--0.52                    +0.34/--0.39
  CCDC No.                            1821360                         1821361
  ----------------------------------- ------------------------------- -------------------------------

Results and Discussion {#sec3}
======================

To perform this study, the ligand *N*-(2-pyridylmethyl)iminodiethanol (H~2~L, pmide) was synthesized according to the previously reported synthetic method.^[@ref11]^ Ligand H~2~L potentially provides N~2~O~2~ coordination. The reaction of H~2~L, FeCl~2~·4H~2~O or AlCl~3~·6H~2~O, and ErCl~3~·6H~2~O with *p*-Me-PhCO~2~H in a 2:1:1:4 ratio in the presence of Et~3~N in the mixture MeOH and MeCN (v/v, 1:4), yielded compounds **1** and **2**, respectively. The two compounds are isostructural and similar to the previously reported \[Fe~2~Dy~2~\] and \[Al~2~Dy~2~\] compounds.^[@ref10]^ Compounds **1** and **2** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) crystallize in monoclinic space group *C*2/*c*. The asymmetric unit contains half of the cluster with one unique Fe^III^ (or Al^III^) and Er^III^ ion and one lattice MeCN per asymmetric unit and the whole molecule generated through inversion.

![Molecular structure of compound \[Fe~2~Er~2~(μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\] **1** (left) and \[Al~2~Er~2~ (μ~3~-OH)~2~(pmide)~2~(*p*-Me-PhCO~2~)~6~\] **2** (right) (organic H atoms are omitted for clarity).](ao-2018-005506_0008){#fig1}

The core displays the familiar planar butterfly arrangement with the Fe^III^ (Al^III^) ions occupying the body positions and the Er^III^ atoms at the wingtips. The metal sites are bridged by two μ~3~-OH^--^ ligands lying above and below the plane of the metal atoms and linking a wingtip metal to the two central M^III^ ions. The two L^2--^ ligands each coordinate to a wingtip Er^III^ ion through the central N atom with the two alcohol arms providing μ~2~-O bridging to the central M^III^ ions. Further bridging between the body and wingtip ions is provided by four of the benzoate ligands with the two remaining benzoates chelating to each of the wingtip metals. Selected bond lengths and angles are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Analysis of the coordination geometries using the SHAPE program^[@ref13]^ shows that the Fe^III^ (Al^III^) ions are six coordinate with octahedral geometries with deviation values of 0.69 (0.51) ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The Er^III^ sites compounds **1** and **2** are eight coordinate with distorted square antiprismatic geometries and the deviation values are 0.84 and 0.96, respectively.

###### Selected Bond Lengths (Å) and Angles of Compounds **1**--**3**

  compounds          **1** (M = Fe^III^)                 **2** (M = Al^III^)
  ------------------ ----------------------------------- ----------------------------------
  M1--O2             1.9710 (16)                         1.8616 (15)
  M1--O3*^i^*        1.9694 (16)                         1.8627 (15)
  M1--O4             1.9955 (15)                         1.8826 (15)
  M1--O6*^i^*        2.0062 (16)                         1.8925 (15)
  M1--O1*^i^*        1.9955 (15)                         1.9265 (14)
  M1--O1             2.0062 (16)                         1.9390 (14)
  Er1--O2            2.3030 (15)                         2.2924 (13)
  Er1--O3            2.3212 (15)                         2.3088 (14)
  Er1--O7            2.4148 (16)                         2.3832 (14)
  Er1--O5            2.4298 (16)                         2.3980 (14)
  Er1--O9            2.4309 (16)                         2.4006 (15)
  Er1--O1            2.3813 (16)                         2.4012 (13)
  Er1--O8            2.4009 (16)                         2.4384 (14)
  Er1--N2            2.5464 (19)                         2.5427 (17)
  Er1--N1            2.607 (2)                           2.5778 (18)
  O1--M1*^i^*        2.0529 (15)                         1.9266 (14)
  M1*^i^*--O1--M1    102.67 (7)                          102.50 (6)
  M1*^i^*--O1--Er1   101.36 (7)                          101.43 (6)
  M1--O1--Er1        100.81 (6)                          100.63 (6)
  M1--O2--Er1        106.37 (7)                          107.19 (6)
  M1*^i^*--O3--Er1   106.15 (7)                          106.97 (6)
  M1--M1*^i^*        3.2103 (1)                          3.0146 (0)
  M1--Er1            3.4275 (1)                          3.3632 (0)
  M1*^i^*--Er1       3.4365 (1)                          3.3530 (0)
  Er--Er~intra~      6.0670 (1)                          6.0016 (1)
  Er--Er~inter~      7.9854 (2)                          8.1160 (1)
  symmetry code      --*x* + 1/2, −*y* + 3/2, −*z* + 1   --*x* + 1/2, −*y* + 3/2, −*z* +1

Magnetic Properties {#sec3.1}
-------------------

Direct current (dc) magnetic susceptibility studies of **1** and **2** were performed in the 300--1.8 K temperature range under an applied magnetic field of 300 Oe to avoid saturation effects. The obtained data for these two compounds are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the value of χ*T* at 300 K of 30.10 cm^3^ K mol^--1^ for **1** is slightly lower than the value expected (31.75 cm^3^ K mol^--1^) for two high-spin Fe^III^ ions (*S* = 5/2, *g* = 2, and *C* = 4.375 cm^3^ K mol^--1^) and two Er^III^ ions with *S* = 3/2, *L* = 6, ^4^*I*~15/2~, *g* = 1.2, and *C* = 11.50 cm^3^ K mol^--1^. There is a steady decrease in the χ*T* product on lowering the temperature from 300 to 100 K and a more rapid decrease from 100 to 1.8 K, reaching a value for χ*T* of 13.71 cm^3^ K mol^--1^ at 1.8 K. The decrease in χ*T* for **1** is probably the result of antiferromagnetic interactions within the metal core. The thermal depopulation of the Er^III^ excited states^[@ref14]^ is also likely to be partially responsible for the continuous decrease in χ*T* below 100 K. The interaction between Fe--Fe in complex **1** is expected to be antiferromagnetic with an *S* = 0 ground state, as is proved for the previously reported isostructural \[Fe~2~Y~2~\] compound,^[@ref10]^ and in good agreement with what was reported for a similar Fe~2~Y~2~ compound.^[@ref15]^ To probe whether the Fe···Er and Er···Er interactions are antiferromagnetic, the Al~2~Er~2~ analogue, **2**, was synthesized and the magnetic behavior was investigated. For **2**, the value of χ*T* at 300 K of 22.20 cm^3^ K mol^--1^ is slightly lower than the value expected (23.00 cm^3^ K mol^--1^) for two Er^III^ ions with *S* = 3/2, *L* = 6, ^4^*I*~15/2~, *g* = 1.2, and *C* = 11.50 cm^3^ K mol^--1^. Upon decreasing temperature, the χ*T* product decreases to reach a minimum value of 14.67 cm^3^ K mol^--1^ at 1.8 K. The depopulation of the Stark levels of the anisotropic Er^III^ ions may also contribute to the decrease in χ*T*. A comparison of the χ*T* of \[Fe~2~Er~2~\] and \[Fe~2~Y~2~\] + \[Al~2~Er~2~\] was done. As seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, significant deviation is observed at lower temperatures. The χ*T* values of \[Fe~2~Er~2~\] fall below the sum of the component (\[Fe~2~Y~2~\] + \[Al~2~Er~2~\]) at around 8 K and the deviation continues to grow as temperature falls, implying possible antiferromagnetic *J*~Fe--Er~ interactions. This is in line with the results on previously reported 3d Er butterfly compounds.^[@cit5o]^ The magnetization isotherm plots ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) of **1** and **2** reveal a steady increase upon increasing the field without reaching a saturation even at 7 T. This is common for such complexes and indicates that anisotropy is present within these two compounds.^[@ref15]^

![Temperature dependence of the χ*T* product at 300 Oe for **1**, Fe~2~Er~2~, **2**, Al~2~Er~2~, and \[Fe~2~Y~2~\] + \[Al~2~Er~2~\] from 1.8 to 300 K: Inset: temperature dependence of the χ*T* product at 300 Oe for **1**, Fe~2~Er~2~, **2**, Al~2~Er~2~, and \[Fe~2~Y~2~\] + \[Al~2~Er~2~\] from 1.8 to 25 K.](ao-2018-005506_0001){#fig2}

![Magnetization (*M*) vs applied field (*H*) at different temperatures for **1**, Fe~2~Er~2~ (left), and **2**, Al~2~Er~2~ (right).](ao-2018-005506_0002){#fig3}

###### dc Magnetic Data of Compounds **1** \[Fe~2~Er~2~\] and **2** \[Al~2~Er~2~\]

  compound             ground state of Er^III^ ion   χT expected for non-interacting ions per complex (cm^3^ K mol^--1^)   χ*T* measured at 300 K per complex (cm^3^ K mol^--1^)   χ*T* measured at 1.8 K per complex (cm^3^ K mol^--1^)   magnetization at 2 K and 7 T (Nβ)
  -------------------- ----------------------------- --------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- -----------------------------------
  Fe~2~Er~2~ (**1**)   ^4^*I*~15/2~                  31.75                                                                 30.10                                                   13.71                                                   8.87
  Al~2~Er~2~ (**2**)   ^4^*I*~15/2~                  23.00                                                                 22.20                                                   14.67                                                   8.92

To explore the potential SMM behavior, alternating current (ac) magnetic susceptibility studies were carried out on freshly filtered samples of **1** and **2**. The ac susceptibility measurements were performed under a zero dc applied field at 1000 Hz between 1.8 and 30 K for **1** and **2**. No out-of-phase signals were observed for compound **1** ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)), revealing the absence of SMM behavior of **1** under zero dc field within the frequency window available. Application of a dc field is an established possibility for moving the ac signals into the measurement window of a standard SQUID.^[@ref10]^ The ac susceptibility measurements performed at dc fields ranging from 0 to 2500 Oe ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)) were used to find the optimum field of 1000 Oe. Under this applied dc field, clear maxima were observed in the out-of-phase temperature dependence and frequency dependence measurements ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, [S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf), Supporting Information (SI)). From the linear fitting of the Arrhenius plot ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) from the frequency-dependent data ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), the energy barrier *U*~eff~ of 16.51 K with τ~0~ = 2.03 × 10^--7^ s result. For compound **2**, signals but without clear maxima could be seen in the out-of-phase (χ″) vs *T* plot at low temperature ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf), SI). Again, the ac susceptibility measurements performed at an optimal field of 1000 Oe allowed for the observation of both temperature- and frequency-dependent in-phase and out-of-phase signals for compound **2** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, [S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)). Furthermore, under this optimum dc field of 1000 Oe, no maxima are observed at the lower frequencies in the χ″ vs *T* plot, but clear peaks and some shoulders are observed at higher frequencies ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This phenomenon indicates the presence of quantum tunneling of the magnetization (QTM) and/or more than one relaxation process in this system. The plot of ln(τ) versus *T*^--1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) shows a crossover at ∼4 K, which indicates the presence of two relaxation processes, and hence can be fitted to the Arrhenius law τ = τ~0~ exp(*U*~eff~/*k*~B~*T*), giving the effective energy barriers of *U*~eff~ = 4.54 K (pre-exponential factor of τ~0~ = 4.85 × 10^--4^ s) and *U*~eff~ = 28.73 K (τ~0~ = 1.54 × 10^--6^ s) for the low- and high-temperature dynamics, respectively. It is not unusual to observe multiple relaxation processes for single lanthanide ions.^[@cit8a]^ It is also notable we only observe one relaxation process for **1**, which suggests that the presence of the Fe^III^ ions is responsible for altering the relaxation parameters.

![Plots of χ″ vs and frequency under 1000 Oe dc fields for **1**, Fe~2~Er~2~ (left), and **2**, Al~2~Er~2~ (right).](ao-2018-005506_0003){#fig4}

![Magnetization relaxation time (τ) versus 1/*T* plots of complexes **1**, Fe~2~Er~2~ (left), and **2**, Al~2~Er~2~ (right).](ao-2018-005506_0004){#fig5}

Cole--Cole plots (left, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) for **1** under a 1000 Oe dc field can be fitted using the generalized Debye model ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) for temperatures ranging from 2.0 to 2.6 K. The small α values (0.06 \< α \< 0.14, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)) indicate a small relaxation time distribution.^[@ref16]^ The fact that we only observe one relaxation process under these conditions suggests that it is the Fe--Er interactions that affect the relaxation of the Er single ions. For **2**, the Cole--Cole plots under a 1000 Oe dc field were fitted using a generalized Debye model for temperatures from 2.0 to 6.0 K. The α value lies in the range 0.011--0.31, indicating a narrow relaxation time distribution. The Cole--Cole plots for complex **2** were fitted to the sum of two modified Debye functions ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}),^[@ref16]^ but as was the case for the previously reported complexes, \[Co~2~Dy~2~\]^[@cit5k]^ and \[Ni~2~Dy~2~\],^[@cit6n]^ no reasonable parameters could be obtained.The ac susceptibilities measurement for **1** (Fe~2~Er~2~) and **2** (Al~2~Er~2~) under zero dc field ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)) show that no ac signals are observed for compound **1**, whereas slow relaxation is observed under zero dc field for compound **2**. This indicates the relaxation of compound **1** is faster than that of compound **2**. Compounds **1** and **2** are isostructural, differing only in the replacement of the paramagnetic Fe^III^ ions with the diamagnetic Al^III^ ions. The fact that both Fe--Er and Fe--Fe interactions are present in compound **1** seems to lead to a faster relaxation than seen in compound **2**, where the paramagnetic 3d metals are effectively deleted. Interestingly, compound **1** shows only a single relaxation process under an applied field of 1000 Oe, whereas compound **2** shows two processes within our measurement window. However, a closer look at the relaxation dynamics in the \[Fe~2~Dy~2~\] analogue revealed that judicious variation of applied field and frequency can uncover further relaxation processes.^[@ref10]^ Therefore, to investigate the relaxation process of compounds **1** and **2**, frequency-dependent measurements at lower frequency (0.05--1500 Hz) and more dc fields (0--5000 Oe) at 1.8 K were performed. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, under zero field, compound **2** shows a slow relaxation in the available window of our magnetometer whereas no ac signal was observed for **1**, which is in good agreement with the result of the faster ac measurements for **1** and **2** ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00550/suppl_file/ao8b00550_si_001.pdf)). With increasing dc fields, clear maxima were observed and shift to low frequency for **1** (0--1350 Oe) and **2** (0--950 Oe). The optimum fields for **1** and **2** are 1350 and 950 Oe, respectively. With the dc fields up to 2000 Oe, further broad maxima are seen for **1** (0.05--10 Hz) and **2** (0.05--1 Hz), respectively. Continuous increase in the dc field sharpens the maxima at lower frequency and the maxima at high frequency shift to higher frequencies. Two clear relaxation processes were observed for compounds **1** and **2** above 3000 Oe. These results suggest that a combination of the Fe--Er and Fe--Fe interaction speed up the relaxation of Er ions and decrease the energy barrier of the SMM with the respect to the \[Al~2~Er~2~\] system. Comparing the deviation from idealized geometry found in the SHAPE analysis ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), it can be seen that although the deviations are smaller for both M^III^ (Al or Fe) and Er^III^, the relaxation properties suggest that QTM plays a large role for these compounds compared with the Dy^III^ analogues.

![Cole--Cole plots for compounds **1**, Fe~2~Er~2~ (left), and **2**, Al~2~Er~2~ (right) (solid lines for fitting).](ao-2018-005506_0005){#fig6}

![Plots of χ′ (left) and χ″ (right) vs frequency under different dc magnetic fields for **1**, Fe~2~Er~2~ (upper), and **2**, Al~2~Er~2~ (lower), at 1.8 K.](ao-2018-005506_0006){#fig7}

###### Continuous Shape Measurement Calculation for Ions in Complexes **1**, **2**, and Reported {Fe~2~Dy~2~} and {Al~2~Dy~2~}[a](#t4fn1){ref-type="table-fn"}

                               **1** {Fe~2~Er~2~}              {Fe~2~Dy~2~}^[@ref10]^          **2** {Al~2~Er~2~}                                       {Al~2~Dy~2~}^[@ref10]^
  ---------------------------- ------------------------------- ------------------------------- -------------------------------------------------------- ---------------------------------
  M^III^                       Fe                              Fe                              Al                                                       Al
  OC                           0.69                            0.86                            0.51                                                     0.49
  Ln^III^                      Er                              Dy                              Er                                                       Dy
  CSAPR                        0.84                            1.08                            0.96                                                     1.00
  SMM (0 Oe) *U*~eff~ (τ)      no                              yes (no maxima)                 yes (no maxima)                                          yes (38.7 K (1.06 × 10^--6^ s))
  SMM (1000 Oe) *U*~eff~ (τ)   yes 16.5 K (2.03 × 10^--7^ s)   yes 16.2 K (2.60 × 10^--6^ s)   yes 4.5 K (4.85 × 10^--4^ s) 28.7 K (1.50 × 10^--6^ s)   yes 41.5 K (9.85 × 10^--7^ s)

OC (*C*~4*v*~) octahedron, CSAPR (*C*~4*v*~) spherical capped square antiprism.

Conclusions {#sec4}
===========

We have presented the investigation of the isostructural \[Fe~2~Er~2~\] and \[Al~2~Er~2~\] butterfly CCs, where the influence of the Er ion on SMM and related relaxation phenomenon could be assessed. These compounds enlarge this family of \[Fe~2~Ln~2~\] compounds previously reported for Ln = Dy and Y and thus provide complementary information. Furthermore, we have now investigated the \[Al~2~Ln~2~\] analogues for the Ln = Er and Dy (previously reported). The results reinforce the widely held belief that Dy^III^ containing 3d--4f compounds generally "perform" better as SMMs than those with other Kramers ions (in this case Er^III^). However, the scarcity of 3d Er^III^ examples makes it difficult to make definitive statements, and we must also recognize that the spin of Er^III^ is lower than that of Dy^III^ (3/2 versus 5/2) and the anisotropy of the Er^III^ free ion is prolate rather than the oblate anisotropy of Dy^III^ free ion. Clearly, further examples of 3d--4f clusters with both Kramers and non-Kramers congeners are needed to progress this field.
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